Abstract-The development of solid-phase peptide synthesis in the early 1960s and recombinant DNA technology in the early 1970s boosted the scienti c interest of utilizing proteins and peptides as potential therapeutic agents to battle poorly controlled diseases. While there has been rapid progress in the development and synthesis of new proteins and peptides as potential therapeutic agents, the formulation and development of the associated delivery systems is lacking. The development of delivery systems is equally important due to the problems of stability, low bioavailability and short half-life of proteins and peptides. The main problem in this eld is that low stability leads to low bioavailability. In this review we draw attention to chrono-pharmacological drug-delivery systems, which can be used to match the delivery of therapeutic agents with the biological rhythm. They are very important especially in endocrinology and in vaccine therapy. We show that the treatment of hypopituitary dwar sm by administration of human growth-hormone-releasing hormone (GHRH) is more effective when GHRH is administered in a pulsatile manner that exhibits a period characteristic of the patient's circadian rhythm. Here we examine how to design novel chrono-pharmacological drug-delivery systems that should be able to release the therapeutic agents at predetermined intervals.
INTRODUCTION

Chronobiology and chronotherapy
The need of carriers that exhibit oscillatory behavior of the releasing drugs, peptides or proteins has been a signi cant problem of drug design and formulation in recent years. The elds of pharmaceutics and biomedical engineering have been concerned with the choice of medication and the level of dosage of such drugs. It is a common practice in clinical pharmacology to consider pharmacokinetic parameters that would allow release unaffected by the time of day of drug administration. However, over the past four decades, new ndings have shown that the time of treatment is also an important issue in drug delivery. Researchers have concluded that the chronological point of treatment may affect the outcome of a host of conditions including hypertension, asthma, ulcers, arthritis, cholesterols and even cancer. There is convincing evidence that constant drug delivery is not always effective from a pharmacological point of view. It is well established that nearly all functions of the body, including those in uencing pharmacokinetic parameters, display signi cant daily variations or patterns.
Recently, yet another paradigm has appeared! It has been generally assumed that constant drug infusion leads to a constant drug concentration, which in turn leads to constant drug effects. However, a constant infusion of ranitidine (an H 2 blocker prescribed for gastric ulcers) over a period of 24 h did not lead to a constant effect. The increase in gastric pH caused by ranitidine was lower during the nightly hours of drug infusion than during daytime, indicating that there might be a partial nocturnal resistance to H 2 -receptor blockade [1, 2] . Numerous other drugs show daily variations of their effect in clinical studies, as summarized in Table 1 .
These new ndings have lead to the development of a new research area, chronopharmacology, i.e. the study of coordinating biological rhythms (chronobiology) with medical treatment. Chronobiology is the study of the temporal relationships of biological phenomena. Adaptability to the in uence of the circadian patterns is apparent in that all organisms incorporate and retain this vital circadian periodicity in their genetic code.
The genes that control these circadian rhythms have been identi ed and isolated, for example in mouse, golden hamster and neurospora [3 -7] . Konopka and Benzer [3] were able to identify a region on the X chromosome of Drosophila melanogaster that controlled the period in the eclosion rhythm of three mutants. Bargiello et al. [4] showed that a fragment of the per gene injected into embryos of an arrhythmic mutant of Drosophila melanogaster could restore rhythmicity in eclosion. Recently, the precise feedback regulation of the clock gene in the fruit y has been unraveled [5 -7] .
Chronopharmacology does not involve new medicines but uses old ones in a different approach. Chronopharmacology takes a person's circadian rhythm into consideration in determining the timing and sometimes the quantity of medication to optimize a drug's desired effects and minimize undesirable side-effects. Revising the dosing schedule, reformulating a drug so its release into blood stream is delayed, or using programmable pumps that deliver medicine at precise intervals are some of the simple improvements that may harvest enormous bene ts.
Many chronic and acute disorders have a prominent circadian pattern of symptom appearance and severity as summarized in Table 2 . For example, (i) allergic rhinitis is an early morning disorder;
(ii) patients with epilepsy have seizures during the day only, or the night only, although some may have a more random pattern;
(iii) a H 2 -blocker is more effective in treating peptic ulcers when the acid secretion of the stomach is the highest (during late afternoon) [1] ;
(iv) asthma attacks usually occur during the night [8 -10] ;
(v) thrombotic stroke risk is greatest in the morning while hemorrhagic stroke it is in the late evening; and (vi) cholesterol medications are more effective if prescribed with the supper meal because clinical trials have shown that more cholesterol and other harmful lipids are synthesized in the late afternoon and evening hours [11] .
There are other cardiovascular diseases that show this circadian rhythm, such as myocardial infarction, stroke, high blood pressure and angina pectoris [12] [13] [14] [15] . Promising research is currently carried out in the area of cancer chronotherapeutics [16] [17] [18] [19] [20] [21] . Doxorubicin, cis-platin and their analogs, 5-uorouracil and 5-uoro-2 0 -deoxyuridine, have been studied in the context of their circadian pharmacodynamics and toxicology [22, 23] . The outcome of these studies clearly shows that proper timing of their administration reduces drug toxicity and allows for substantial increase in the tolerated dose, which in turn results in better treatment ef cacy and greater comfort for patients. The reasoning behind the increase of the tolerated dose is that a normal cell divides every 24 h, while a cancerous cell loses its biological timing and starts multiplying at a very high rate. If chemotherapeutic agents can be infused at the right time when the normal cell is not dividing, then the chemotherapeutic agents will have less effect on the normal cell.
The chronotherapeutical approach, though possibly expensive at the beginning, can be cost effective in the long run. If we can deliver the right drug at the right time and, in so doing, can minimize medical crises and side effects, we can eventually lower the cost and improve compliance. For example, if we can prevent end-organ damage to the heart, kidneys and eyes, which can result from hypertension, there will be great cost saving in the long term. While it seems natural and logical to simply change dosing schedules according to chronobiology, not all medications lend themselves to this approach. A drug that is suitable for chronotherapy has to have the right biological characteristics. 
Chronotherapy in growth hormone de ciency
One application of chronopharmacological systems that is of utmost interest is the treatment of growth hormone de ciency. Human growth hormone (hGH) is a protein of 191 amino acids with a molecular mass of 22 kDa. It is responsible for a wide range of growth-promoting effects in the body. It has a unique role in promoting longitudinal bone growth and an important function in the regulation of protein, lipid and carbohydrate metabolism. GH is secreted from the anterior pituitary gland in a pulsatile pattern. The pulsatility is controlled by the coordinated release of stimulatory (growth-hormone-releasing hormone; GHRH) and inhibitory (somatostatin; SRIF) hypothalamic peptides [24, 25] . Figure 1 shows the tight and complex regulation of secretion of GH by the hypothalamus. The GHRH secreted by the hypothalamus stimulates the pituitary gland to secret GH. GH goes on to stimulate the release of insulin-like growth factor-1 (IGF-1) and stimulates many metabolic effects, as mentioned above. GH together with IGF-1 also stimulate the release of SRIF by the hypothalamus, which further inhibits the release of GH and GHRH.
Once the release of GH is stopped, the release of SRIH is also stopped because there is no more stimulant for the hypothalamus. Exclusion of SRIH results in release of GHRH again. Thus, the close loop system starts again resulting in a circadian pattern of GH in the body. This complex control results in a pulsatile GH pro le, with a huge serum GH peak several hours after sleep onset, with several distinctive peaks afterwards.
The importance of GH in our body is unquestionable. Lack of GH causes short stature and abnormality in the metabolism of fat, lipid and carbohydrates. This abnormality in metabolism causes the build up of fat in people suffering from GH de ciency. The causes behind the GH de ciency have been classi ed into three major groups: (i) genetically determined;
(ii) lesions or injuries involving the hypothalamic or pituitary axis; (iii) idiopathic.
In the case of genetically determined de ciency, the GH de ciency is caused by the lack of the genetic code to produce the GH. In the second case, due to injuries related to the hypothalamic or pituitary axis, the body cannot produce GH or GHRH and SRIH. The rst two types of GH de ciency can be treated by supplying GH exogeneously. The most common de ciency is the idiopathic type. This type of GH insuf ciency is due to the inability of the body to stimulate the release of GH from the pituitary gland because of the damage to the hypothalamus. Hence, the body is unable to produce GHRH to stimulate the release of GH. This type of GH insuf ciency can be treated by either supplying GHRH or GH exogeneously.
The frequency of idiophatic growth hormone de ciencies in newborn children ranges from 1 in 4000 to 1 in 10 000 births [26] [27] [28] . In children, low plasma levels of GH are responsible for short stature. Meanwhile in adults, age-related reductions in circulating GH cause a decrease in lean body mass, an increase in body fat and a decrease in bone mineral density [29] [30] [31] .
The undesirable effects of low circulating levels of GH can be diminished by the administration of hGH, which is available through recombinant DNA technology. However, injection of this hormone does not mimic the normal pulsatile secretory pattern [24] . While this pharmacological dosing regimen may correct many of the effects of low circulating levels of GH, a more physiological pattern of administration could be safer and perhaps more effective [24, 32] . Several concerns about the safety and ef cacy of pharmacological doses of the hormone in adults have been raised, including hyperglycemia, hypertension and carpal tunnel syndrome [33] [34] [35] [36] [37] .
Following the proposition by Reichlin [38, 39] of the existence of a GHRH and the substantiation by Deuben and Meites [40] of its presence in hypothalamic extracts, numerous research groups had sought to characterize this elusive hormone. In 1982, peptides with growth hormone releasing activity were isolated from human pancreatic islet tumors obtained from patients with acromegaly, and were characterized independently by Rivier et al. [41] and Guillemin et al. [42] . The isolation and identi cation of GHRH has been followed by an astonishing rate of knowledge accumulation. Within a period of slightly more than 3 years since the structure of the GHRH was determined, nearly 500 research papers were published regarding this hormone [43] . Extensive knowledge of its chemistry, molecular biology, anatomy, physiology and pathology has been gathered and clinical trials have proceeded faster than with any other of the hypophysiotropic hormones. New insight has been gained with respect to the pathogenesis of both GH de ciency and GH excess states, and the use of GHRH and its analogs as diagnostic and therapeutic agents has been established.
GHRH, a 44-amino-acid peptide with a molecular mass of 5 kDa, can be administered to increase the systemic GH level. Endogenously, GHRH is synthesized in specialized neurons within the arcuate nucleus of the hypothalamus and released at the level of the median eminence into the pituitary portal vasculature. GHRH travels to the anterior pituitary gland where it binds with high af nity to a member of the G-protein-coupled receptor gene family [44] . Following activation of the GHRH receptor, adenylate cyclase is stimulated which results in an increase in intracellular levels of cAMP and, as a result, GH gene expression is increased [45] . In addition, receptor activation stimulates a voltage-dependent stimulus secretion coupled event mediated by an in ux in extracellular calcium into the cell [46, 47] . Thus, GHRH receptor activation not only stimulates an acute release of GH from these cells, but also synchronizes spontaneous co-activation of neighboring cells. This phenomenon is thought to increase pituitary response to subsequent GHRH secretion as well as to organize and to amplify autonomous GH secretion [48] . Hence, administration of GHRH is a preferred method for systemic GH increase. However, one needs to understand that not all of the growth hormone de ciency can be treated with GHRH, only the idiopathic type as explained above.
Chronotherapy in diabetes
Another application of a chronopharmacological system is in the area of insulindependent diabetes mellitus (IDDM). Although the main physiological stimulus for insulin secretion in humans is food intake, the extent of the insulin response after food intake may also depend on the time of day. The circadian pattern of glucose metabolism and insulin secretion has been reported [49] [50] [51] [52] [53] [54] [55] [56] [57] . Current treatment of IDDM includes the injection of insulin subcutaneously after each meal, typically three times a day. This treatment with multiple injections creates patient discomfort and results in lower patient compliance. A system implanted under the skin, which would provide multiple discharges of insulin per day 'matching each meal period' could eliminate or moderate the multiple injection with multiple injections treatment.
STIMULI-RESPONSIVE HYDROGELS IN CHRONOTHERAPEUTIC SYSTEMS
The aim of the remaining portion of this review is to show how researchers have addressed the question of creating new chronopharmacological drug delivery systems for protein administration. Since proteins are sensitive molecules, we need to devise systems that can protect them. Hydrogels are a natural choice as chronotherapeutic carriers due to their unique physicochemical and biological properties.
The use of environmentally-sensitive hydrogels as carriers that can provide conditions of chronotherapeutic behavior is based on the premise that externally triggered events associated with the circadian rhythm will cause the release of an active agent at predetermined intervals. These triggering effects may be:
(i) time-dependent and chronically-speci c changes in pH, ionic strength or other physiological parameters that can lead to speci c drug release; (ii) structural changes of a hydrogel carrier (mostly in the form of swelling/syneresis cycles) that are triggered by molecular recognition of speci c biologicals secreted as a result of a speci c chronopharmacological action; or (iii) phase erosion (by dissolution or biodegradation) of carriers due to signi cant external physiological changes. As it is well known, hydrogels are three-dimensional structures that can imbibe a large amount of water. They are mainly composed of swellable hydrophilic polymers due to the presence of chemical or physical crosslinks. The physical crosslinks can be crystalline regions, inter-polymer entanglements or weak interactions such as van der Waals forces or hydrogen bonds.
Factors affecting hydrogel swelling
The development of chronotherapeutic systems is based on careful design of these hydrogel carriers to achieve a speci c release pattern. For example, for a desired delivery system that would release two doses of a drug on speci c intervals in the morning, a hydrogel carrier can be designed, based on slowly 'dissolving' crystalline junctions that will 'melt out' and release their contents in eight or then hours after administration, assuming drug administration before the patient goes to sleep.
Therefore, numerous physiochemical or structural parameters of the hydrogel can be used or manipulated for this release. For purposes of generalization, we will concentrate now on pulsatile or oscillatory delivery of such drugs, although we recognize that these examples will not affect the general nature of the problem.
For example, the degree of crosslinking, as controlled by the co-monomer crosslinking ratio and solvent content during preparation, is an important factor that affects the swelling of hydrogels. Highly crosslinked hydrogels have a tighter structure and swell less compared to loosely crosslinked hydrogels.
The chemical structure of the polymer also affects the swelling ratio of the hydrogels. Hydrogels containing hydrophilic groups swell to a higher degree compared to the ones containing hydrophobic groups. Hydrophobic groups aggregate leading to collapse of the hydrogel structure in the presence of water, thus minimizing their exposure to water molecules. Hydrophobic 'collapse at will' is one of several mechanisms of drug delivery at speci ed intervals by a 'squeezing' release process.
Swelling of stimuli-sensitive hydrogels can be affected by the change of the temperature, ionic strength and pH of the swelling medium. While stimuli-sensitive hydrogels are characterized by their equilibrium or quasi-equilibrium swelling ratios, chronotherapeutic systems are usually oral formulations taken in dry form. Therefore, their dynamic swelling kinetics is of utmost importance. The swelling kinetics of hydrogels can be diffusion-controlled (Fickian) and relaxation-controlled (Case II) swelling. When water diffusion into the hydrogel occurs much faster than the relaxation of the polymer chains, the swelling kinetics is diffusion-controlled, or the solvent transport is controlled by a concentration gradient. For glassy polymer, the rate of polymer relaxation is the rate-limiting step to penetrant transport and, hence, a Case-II transport is observed. A nice mathematical analysis of the dynamics of swelling is presented by Peppas and Colombo [59] .
Assurance of the integrity of drug-delivery devices during their lifetime of application is very important in order to obtain FDA approval, unless the device is designed as a biodegradable system. Drug-delivery systems designed to protect sensitive therapeutic agents, such as proteins, must maintain their integrity in order to protect proteins until they are released from the systems.
Modi cation of the degree of crystallinity, complexation or crosslinking has been utilized to achieve desired hydrogel stability. Therefore, hydrogel carriers can be designed that consist of layers of progressively increasing degrees of crystallinity or complexation from the surface to the center of the device. Thus, an incorporated drug will be released faster from the surface and then more slowly from the center. With appropriate compartmentalization, this hydrogel structure can lead to distinct 'spikes' of drug release, as we will show later in this review.
Stimuli-sensitive hydrogels
Stimuli-sensitive hydrogels have the ability to respond to changes of their external environment, thus becoming prime candidates for chronobiological applications. They can exhibit dramatic changes in their swelling behavior, network structure, permeability, or stability in response to changes in the pH or ionic strength of the surrounding uid or temperature [60] . Other hydrogels have the ability to respond to applied electrical or magnetic elds. Yet, other hyrdrogels may respond to recognition mechanisms of speci c biologicals, e.g. to changes in concentrations of glucose. Because of this unique property, such materials can be used in a wide variety of applications such as separation membranes, biosensors, arti cial muscles, chemical valves and drug advanced chronobiological delivery devices.
pH-sensitive hydrogels. Ionic hydrogels are swollen polymer networks containing pendent groups, such as carboxylic or sulfonic acid, which show sudden or gradual change in their dynamic and equilibrium swelling behavior as a result of a change in the external pH. Ionization occurs when the pH of the environment is above the pK a of the ionizable group [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] . As ionization increases (increased system pH), the number of xed charges increases resulting in increased electrostatic repulsions between the chains. This, in turn, results (i) in an increased hydrophilicity of the network and (ii) in electrostatic repulsion, thus resulting in greater swelling ratio.
On the other side, cationic materials contain pendent groups such as amines [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [76] [77] [78] . These groups ionize in media, which are at a pH below the pK b of the ionizable species. Thus, in a low-pH environment, ionization increases causing increased electrostatic repulsions. The hydrogels become increasingly hydrophilic and swell to a highly swelling ratio. More importantly, the associated drug-diffusion coef cient has been shown to increase up to three orders of magnitude.
The pH-sensitivity characteristics of these gels can be exploited for applications in a wide variety of biomedical applications such as mucoadhesive controlled release devices, prodrugs and adjuvants, and biocompatible materials [58] . The swelling of polyelectrolyte gels is signi cantly affected by the ionic strength of the swelling agent [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] . As the ionic strength of the swelling agent increases, the concentration of ions within the gel must increase in order to satisfy the Donnan equilibrium. The swelling force is reduced due to increased gel-counterion interaction and a decrease in the osmotic swelling forces.
Numerous researchers have studied the dynamic swelling of pH-sensitive networks. Katchalsky and associates [61, 63, 64] established that the collapse and expansion of poly(methacrylic acid) gels occurred reversibly by simply adjusting the pH of the uid. Ohmine and Tanaka [74] observed the sudden collapse of ionic networks in response to sudden changes in the ionic strength of the swelling medium. Studies by Khare and Peppas [75] examined the swelling kinetics of poly(methacrylic acid) or poly(acrylic acid) with poly(hydroxyethyl methacrylate). They observed pH-and ionic strength-dependent swelling kinetics in these gels.
Temperature-sensitive hydrogels. Temperature-sensitive hydrogels exhibit swelling ratios that change in response to a change in temperature of the environment. Generally, the temperature-sensitive hydrogels can be divided into positive and negative thermosensitive hydrogels. Hydrogels with positive thermosensitivity contain mostly hydrophilic monomers and experience increased swelling with increasing temperature. Those with negative thermosensitivity are composed of monomers such as N-methylacrylamide, N,N-dimethylacrylamide and N-isopropylacrylamide, which contain hydrophobic substituents; they exhibit increased swelling with decreasing temperature [80] .
Typical temperature-sensitive hydrogels [81] are prepared from crosslinked poly (N-isopropylacrylamide) (PNIPAAm). The swelling behavior of PNIPAAm is characterized by a low critical solution temperature (LCST). The LCST of a pure PNIPAAm is 32 ± C and the polymer chains collapse at a temperature higher than 32 ± C. This value can be varied by co-polymerization with a more hydrophobic or hydrophilic polymer, respectively [82] [83] [84] , as shown in Fig. 2 . In PNIPAAm gels modi ed via interpenetration with a second network [84] [85] [86] [87] or by conjugation or grafting [88] the LCST remains almost constant. Hitotsu et al. [89] studied the LCST of crosslinked PNIPAAm and determined that it could be increased by mixing small amounts of ionic copolymers in the gels. Beltran et al. [90] also studied PNIPAAm gels containing ionic co-monomers and observed similar results.
Many theories have been proposed to explain the LCST behavior in PNIPAAm gels [91] . Hydrophobic interactions and hydrogen bonding are major contributors to the LCST behavior [92] . The hydrophobic interactions arise between non-polar molecules in water. Up to a certain temperature, the hydrophobic group of a polymer chain is shielded by water molecules, which are arranged in a pattern to form a cage around the functional group. When the temperature is increased, this cage of immobile water molecules is partially lost and the protection of the hydrophobic groups becomes weakened. This may be the reason why hydrophobic interactions increase as the temperature is increased.
Hoffman [93] proposed the application of PNIPAAm and its copolymers for temperature-modulated drug release by gel 'squeezing' and surface regulation. In the bulk squeezing system, the drug that is distributed evenly inside the matrix is squeezed out of the system due to the deswelling of the hydrogel as a result of increasing the temperature of the environment above the volume phase transition temperature. In the surface regulation system, the swelling ratio of the skin layer is increased as the temperature of the system is lowered below the volume phase transition temperature and, hence, the drug molecules are able to diffuse through the skin layer. Clearly, these types of hydrogels exhibit all the desirable characteristics of coatings, layers or particles in formulations leading to multiple dosing devices.
Chen and Hoffman [94] prepared P(NIPAAm-g-AA) gels, which exhibited temperature-and pH-sensitive behavior. These gels could respond rapidly to both temperature and pH changes. The temperature-and pH-dependent swelling behavior was more pronounced in graft co-polymers than in random co-polymers containing similar amounts of pH-and temperature-sensitive components.
Okano and associates [95] [96] [97] [98] [99] [100] [101] [102] developed comb-type graft hydrogels of PNIPAAm. The main chain of the crosslinked PNIPAAm contained low-molecular-weight grafts of PNIPAAm. Under conditions of gel collapse (above the LCST), hydrophobic regions were developed in the pores of the gel resulting in a rapid collapse. These materials had the ability to collapse from a fully swollen conformation in less than 20 min, while comparable gels that did not contain graft chains required up to a month to fully collapse.
Inoue et al. [103] synthesized hydrogels grafted with oligomers with two different LCST. The oligomers of choice were carboxy-terminated oligo NIPAAm, oligo(N-vinylcaprolactam) (VCL) and random co-oligomers of NIPAAm and acrylamide. The resulting hydrogels showed two volume phase transition temperatures, corresponding to the LCSTs of the grafted side chains of oligo-NIPAAm and oligo-VCL. They explored the possibility of applying these hydrogels to release drugs as a function of temperature. Conjugates of PNIPAAm with various enzymes have also been reported [104, 105] . Ding et al. [104] synthesized conjugates of oligomer of PNIPAAm and trypsin. These conjugates were soluble in solution and could be catalyzed by enzymatic reactions. They could then be separated from the solution by thermal precipitation. The recovery of the conjugates by thermal precipitation was highly ef cient (more than 95%), even after 14 cycles through the LCST. The enzyme conjugates were found to be more stable than the native trypsin in both solution and precipitated state. ± C and pH 5.7 at 33 ± C. Samples were equilibrated in their swollen state at pH 5.7 and 33 ± C, then placed for 1 h at pH 5.3 and 36 ± C, and allowed to return to their equilibrium swollen state at pH 5.7 and 33 ± C for several hours.
Serres et al. [106] and Vakkalanka et al. [79] developed hydrogels of PNIPAAm and PAA which were able to effectively release the protein drug, e.g. calcitonin, in response to temperature and pH changes. They prepared block copolymers of PNIPAAm and PMAA, which had the ability to respond to both temperature and pH (see Fig. 3 ). Using these materials, they were effectively able to modulate the release kinetics of streptokinase (see Fig. 4) . Clearly, such systems would respond to minute changes of blood pH during initial clot formation triggering streptokinase release only when needed.
An ef cient application of these ideas to the development of chronotherapeutic devices for GHRH release was discussed recently by us [107] [108] [109] . Micro-or nanoparticulate devices composed of hydrogels or containing hydrogel components and exhibiting thermosensitivity were incorporated in these devices. A key structural feature of these microcapsules was their composite coating system consisting of nanoparticles with crosslinked PNIPAAm shells dispersed in a thermo-insensitive ethylcellulose matrix. At low temperatures, permeability of the membranes was low because of absence of void formation by the swollen PNIPPAm shells in the microcapsule membrane, leading to low release rate of drugs. At high temperatures, the PNIPAAm shells could collapse. We have expanded on recent studies by Leobandung et al. [108, 109] . Other stimuli-sensitive hydrogels Stimuli other than pH and temperature can trigger drug release from a polymer carrier. Physical stimuli, such as light, magnetic eld [110] , electric current [111] and ultrasound [112] , can be applied to the systems externally. Chemical stimuli [113] , certain chemical substances and biological compounds [114] can be implemented. In some cases, their effective applications can be found in engineering rather than pharmaceutical elds. For example, carrier osmosis, dissolution or melting can be used for predetermined release of drugs. Versatile stimuli-sensitive controlled release systems can be fabricated, provided that hydrogels are well designed to alter their con guration in response to these stimuli. Meanwhile, elucidation of the release mechanisms relies on more complicated mass transport phenomena over conventional diffusion-regulating systems is an important issue in the substantial application of stimuli-sensitive controlled release devices. In this context, Lavon and Kost [111] examined mass transport enhancement in non-erodible polymeric controlled release systems by ultrasound for a better understanding of the ultrasound-enhancing drug release phenomenon. Hsu and Block [112] studied electrokinetic phenomena in three types of neutral and anionic gels, such as agarose, agarose-carbomer 934P and agarose-xanthan gum, under an applied electric current for electrically-modulated drug delivery. As expected, the electrical current and the gel concentration could in uence both syneresis and drug migration. These ndings may give a useful insight in the application of hydrogels to transdermal delivery assisted by electroporation, iontophoresis or sonophoresis.
Analyte-sensitive hydrogels. Probably the most promising controlled release systems for chronobiological and chronotherapeutic drug delivery are those that can respond to increased concentration of speci c biological compounds in the body. By processes belonging to the general category of molecularly recognitive networks such carriers can recognize undesirable compounds produced at certain intervals (e.g. glucose) and release associated therapeutic agents. For this purpose, several classes of hydrogels that respond to speci c molecules (analyte-sensitive hydrogels) have been studied. For example, calcium-responsive bioerodible drugdelivery systems were devised by Goldbart and Kost [113] . These systems are composed of a starch-cellulose matrix containing ®-amylase, whose activity is regulated by calcium. The principle relies on calcium responsiveness based on the mechanism that ®-amylase in its non-active form is incorporated into a matrix (composed of starch and the matrix), thus responds to calcium which causes the non-active ®-amylase to become active.
Fascinating stimuli-sensitive hydrogel-based drug-delivery systems were proposed by Miyata et al. [114, 115] who designed novel reversibly antigen-responsive hydrogels based on a unique idea. Hydrogels from acrylamide (AAm)-based semi-IPN consisting of antibody-grafted linear PAAm and crosslinked PAAm were grafted with the corresponding antigen. In the absence of free antigen, the hy- drogel can shrink due to the intra-chain antigen-antibody binding in the polymer network, while in the presence of the free antigen it swells because of dissociation of the intra-chain binding by exchange of the grafted antigen for free antigen. This swelling/shrinking process was shown to be reversible. Due to this property, the hydrogel membrane allowed antigen-responsive change of hemoglobin permeation in response to stepwise changes in the antigen concentration. A striking feature of certain stimuli-sensitive hydrogels is the speci city of molecular recognition. Using novel methods of biomimetic con gurational imprinting, we have been able to prepare stimuli and analyte-sensitive hydrogels for molecular recognition [116] . Generally, co-polymer lms of differing composition of template, crosslinker and functional monomer were synthesized in an appropriate type and amount of solvent via UV free-radical polymerization in a nitrogen atmosphere. Speci c examples of D-glucose-imprinted polymers were shown although these techniques are applicable to other biologically signi cant molecules, in which hydrogen bonding, hydrophobic, or ionic contributions will direct recognition (see also Fig. 5) .
We have been successful in synthesizing novel glucose-binding gels based on non-covalent interactions (hydrogen bonding, hydrophobic interactions) formed via CBIP techniques within polar media (protic solvent (water), water/ethanol and aprotic solvent (dimethylsulfoxide, DMSO)). Glucose has a molecular weight of 180 g/mol, and in solution glucose mutarotates between two solution conformations: alpha (25-30%) and beta (65-75%) position of the carbon 1 hydroxyl group at equilibrium.
Heteropolymer gels were prepared using: methacrylic acid (MAA) Polymers were either allowed to dry at ambient conditions and then were crushed and sieved (range from 300 to less than 150 ¹m) or were cut into various diameter discs using a cork borer. If processed into discs, polymers were placed in deionized water for a period of 24 h, carefully separated from the slides, and then were cut into various diameter discs. Discs/particles were then placed in 50-ml conical tubes and placed on a rotating mixer and resuspended within multiple wash steps.
Incorporating higher-molecular-weight crosslinking monomers (longer chain length) without incorporating a correspondingly increased functional monomer chain length had a profound effect on the recognitive properties of the imprinted gels. Polymers consisting of increased dimethacrylate chain sizes (EGDMA, polyethylene glycol dimethacrylate (PEG 200 DMA, etc.) and increased functional monomer chain sizes were prepared with varying degrees of crosslinking content and analyzed regarding af nity and speci city.
Such systems have been used [58, 116] to release drugs or proteins after recognition of the undesirable biological and 'triggering' of a release mechanism for the drug. While still at their infancy, they have been shown to have great potential in revolutionizing drug treatment due to their versatility and mimicking of the natural response of our body.
CONCLUSIONS
In conclusion, stimuli-sensitive hydrogels are excellent candidates for chronotherapeutic applications because they can respond to external triggers. The purpose of this review was to show the importance of circadian rhythms and their impact on everyday life and medicine, with respect to clinical chronobiology and chronotherapeutics. Thirty or so medical conditions were identi ed that display predictable 24-h variation in pathophysiology, symptom intensity and mortal events. Overall, this suggests that delivering medication in synchrony with rhythms in pathophysiology or host tolerance or both can enhance treatment outcomes and compliance. The tools to design such formulations are based on judicious selection of hydrogels with appropriate response to surrounding uids.
